This study presents the first set of comprehensive reference intervals (RIs) for plasma biochemistry and haematology for three species of sea snakes common to the Indo-Pacific waters of Australia. In total 98 snakes, composed of Hydrophis curtus (n = 60), H. elegans (n = 27) and H. peronii (n = 11), were captured, clinically examined and had venous blood samples collected.
Introduction
Sea snakes have diverged from terrestrial snakes and have adapted exceptionally well to their marine environment (Sanders et al., 2008) . The subfamily Hydrophiinae ('true' sea snakes) has more than 60 species recognised (Heatwole, 1999; Lukoschek and Keogh, 2006; Rasmussen et al., 2011) which are distributed throughout tropical and subtropical waters of the Indian and Pacific Oceans, with the highest diversity reported from the central Indo-Pacific (Cogger, 1975; Harding and Welch, 1980; Heatwole, 1999) . Australia boasts the world's richest diversity of hydrophiine sea snakes with more than 50% of described species inhabiting its waters (Lukoschek and Keogh, 2006) .
Monitoring health and diagnosing disease in venomous reptiles, including sea snakes, can be challenging since clinical examination can be dangerous to the clinician and stressful to the animal. However, blood collection for biochemical and haematological analysis offers a useful and minimally invasive diagnostic tool in sea snakes provided that appropriate handling and restraint are used. Information on normal ranges in wild sea snakes is limited and includes blood volume and haematocrit measurements (Pough and Lillywhite, 1984; Heatwole and Dunson, 1987) , blood lactate values (in sea kraits) (Seymour, 1979) and some serum or plasma electrolytes (Dunson, 1978) .
Without the development of accurate reference intervals (RIs) for individual species, taking into consideration species and habitat (Brischoux et al., 2013) , gross diagnostic misinterpretations can be made. Blood can be collected from the caudal tail vein (coccygeal vein) or heart (Sykes and Klaphake, 2008) , although the latter can cause heart muscle laceration, haemorrhage, pericarditis and death and is generally only recommended in anaesthetised snakes (Jenkins-Perez, 2008; Brown, 2010; Nardini et al., 2013) . Collection of blood from the coccygeal vein can be challenging in small snakes and, importantly, lymph fluid contamination of the sample during aspiration (Gottdenker and Jacobson, 1995) can dilute some blood parameters, particularly the cellular components (Gottdenker and Jacobson, 1995; Lopez-Olvera et al., 2003; Campbell and Ellis, 2007) . In mammals, little difference exists between the concentration of electrolytes, non-protein nitrogen, urea, creatinine and glucose between the plasma and circulating lymph (Yoffey and Courtice, 1956) , but this has not been confirmed for reptiles.
In the present study, haematological and biochemical RIs are presented for three species of Hydrophiine sea snakes (Hydrophis curtus, Sea snakes were collected from the Hay River inlet in Weipa off the Arafura Sea, Queensland, Australia, in October 2011 (Fig. 1 ) since they were known to be apparently healthy and abundant in these waters. It also offered the largest species diversity in any one site. The start of the collection area was approximately 3 km from Weipa (−12.745764°, 141.898093°) and extended south along the river for approximately 16 km.
This study was approved by The University of Queensland animal ethics committee on 7 March 2011 (SVS/442/10/AUSZOO/VET-MARTI/QDERM).
Sample size, snake selection and capture technique
Over four consecutive nights, 109 snakes were captured for sampling during a 2 h period beginning at sunset when snakes began to surface. Ninety-eight snakes were used in developing the subsequent RIs. Eleven were excluded due to inadequate size (n = 1), inability to collect a suitable volume of blood (n = 3), if they were deemed to be unhealthy (n = 2), or were unsuitable species (either non-Hydrophiinae or Hydrophiinae of insufficient number to formulate RIs) (n = 5). Halogen spotlights were used to illuminate the surface of the water whilst travelling at approximately 6 knots (0.51 m/s) in a 6 m low-sided boat. Sea snakes seen swimming normally at the water surface were opportunistically caught using a widemouth landing net to scoop the snake out of the water.
Each snake was identified to species level in the net and, if large enough to facilitate blood collection (>40 cm snout to vent length [SVL]), a GPS waypoint was recorded at the point of capture (Garmin, GPSmap 62) to facilitate release within a 1 km radius of capture. Initial capture was primarily of H. curtus, H. elegans and H. peronii, which was consistent with a previous study in Northern Australia (Heatwole, 1975; Redfield et al., 1978) , and subsequently only these species were captured.
Immediately after capture, each snake was restrained by an experienced venomous snake handler, its tail dried, and an identification number (based on order of capture) was written on its tail with a permanent non-toxic marking pen. All snakes were held in individual ventilated boxes (approximately 35 cm deep × 60 cm long × 40 cm) containing a small amount of seawater until processing within 12 h of capture.
Health assessment, biological and morphometric data collection
Each snake was subjected to a clinical examination, morphometric measurement, blood sample collection and weighed (via a secure plastic tub placed on digital kitchen scales). Each snake was also photographed for identification and individually restrained in a Perspex tube for examination, as described by Murphy (1971) . Morphometric measurements included SVL, total length (TL) and head width.
Clinical examination included visual examination of the eyes, mouth, nostrils, skin, vent and tail, palpation of the vertebral column dorsally and palpation of the abdomen along the ventral aspect of the body as described previously (Gillett et al., 2014) . Body condition was assessed as described by Gillett et al. (2014) and categorised as emaciated, poor, fair, good or excellent. If no abnormalities were detected and the body condition was good or excellent, the snake was deemed healthy and the blood sample was included for analysis.
Gender was determined using the method described by Fitch (1960) . Flexible silicone or plastic intravenous catheters (with needle removed) (18-26 G) were used rather than commercially available sexing probes. Each snake received a subcutaneous microchip (HomeSafeID) on the left hand side of the body approximately 20-30 scales cranial from the vent on the lateroventral aspect to identify it if recaptured. The skin was lightly cleansed with 50% ethanol solution prior to insertion, and following insertion, a small spot of tissue adhesive was applied over the insertion site. Fig. 1 . Sea snake collection points at the Hay River inlet in Weipa, Queensland Australia.
Blood collection
Blood was collected from the coccygeal vein using the same landmarks as those described for terrestrial snakes (Hernandez-Divers, 2006), using one of two methods. On day one, blood was collected from 45/98 snakes using conventional collection (Method one). Method two replaced Method one from day two of collection to limit the risk of lymph contaminating samples for packed cell volume (PCV) and total protein (TP) analysis through avoiding the use of forced suction (aspiration) to obtain blood. Volumes were restricted to less than 1% of bodyweight (BW) (range 0.1-3.0 mL).
Method one -A 27-23 G needle (dependent on snake size) attached to a 1.0 or 2.5 mL syringe was inserted into the vein and up to 2.5 mL of blood (dependent on snake size) was gently aspirated then placed immediately into 0.5 mL lithium heparin vials (Terumo Medical Corporation) for processing.
Method two (Fig. 2 ) -A 27-23 G needle only (dependent on snake size) was inserted into the vein and blood allowed to fill the hub of the needle. A microhaematocrit tube was used to collect blood from the needle hub for PCV and TP measurement before a 1.0 or 2.5 mL syringe was attached to the needle and up to 2.5 mL of blood (dependent on snake size) was gently aspirated and placed immediately into 0.5 mL lithium heparin vials for processing.
Packed cell volume was measured immediately after blood collection using a microhaematocrit reader (VetQuip) and TP was measured using a refractometer (VetQuip). A surplus of blood was collected from five of the snakes and placed into additional 0.5 mL serum clot tubes (Terumo Medical Corporation). Blood tubes were stored at 4°C immediately after collection and centrifuged within 6 h. The separated plasma or serum was frozen at −20°C until processed.
Lymph contamination during blood collection was identified through the observation of clear fluid entering the blood at collection and the volume (mL) it occupied in the syringe was recorded. This was then used to estimate the percentage of lymph in the measured blood sample.
Plasma biochemistry
Before biochemical processing, 50 μL of plasma (and serum when available) was aliquoted from thawed samples, freeze-dried to produce a small pellet of whole protein and stored at −20°C until processing. The frozen pellet was later reconstituted with 100 μL of water and analysed for total protein concentration (FDTP). The remaining plasma and serum were processed on a AU400 Olympus Biochemistry Analyser, Beckman Coulter, to obtain values for alanine aminotransferase (ALT), albumin, alkaline phosphatase (ALP), amylase, aspartate transaminase (AST), calcium, chloride, cholesterol, creatinine, creatinine kinase (CK), gamma-glutamyl transpeptidase (GGT), globulin, glucose, lactate dehydrogenase (LDH), phosphate, potassium, protein, sodium, urea and uric acid.
Haematology
At blood collection three blood smears per snake were made using fresh blood from the end of the syringe. Smears were air dried before fixing the two best slides with methyl alcohol before staining with Wrights-Geimsa stain on a HemaTek 2000 Automatic Slide Stainer (Siemens). Packed cell volume was measured using a Statspin VT Centrifuge (Idexx Laboratories). Leukocyte estimation, differential and thrombocyte estimation were based on examination of the blood smear that was considered to have the most regular distribution of white cells across the blood smear (Fudge, 2000) . The term azurophil has been used instead of monocyte in this study.
Statistical analysis
Haematological and plasma biochemical RIs were generated using data from 60 H. curtus, 27 H. elegans and 11 H. peronii. Not all variables were assessed for each individual due to insufficient sample or processing error. Medians and interquartile (25% and 75%) ranges were calculated for males and females of each species to determine if separate reference intervals were required based on sex.
Distribution variance of pair-wise data was assessed for each variable of each species and sex. Interquartile widths (IQW) were calculated. Rules used to determine which variables should be calculated separately based on sex differences were defined as per Flint et al. (2010) . All species genders grouped as IQW did not significantly differ. Interquartile widths were then calculated for variables of each grouped species and compared. Variables for ALT, ALP, CK, LDH and lymphocytes were required to be reported individually for each species whilst all other variables were grouped as defined by Flint et al. (2010) .
Due to small sample size (n = 11), variables for H. peronii could not be reliably compared using exploratory analyses and were assessed for variance by visual assessment for each value. To minimise the risk of including non-distributed values, the exploratory analysis findings (to group or separate) for H. elegans and H. curtus were applied to H. peronii.
To ascertain if observed lymph contamination at collection correlated with an effect on variables, PCV, TP, plasma biochemistry results and white cell estimates were compared between samples where measurable lymph contamination was observed (n = 15) and those where it was not observed. In addition, the effect of lymph contamination on total proteins was analysed in this study by comparing a freedried protein component to a standard protein result as measured using conventional biochemical procedures. The aim of this process was to eliminate any non-protein component from the sample, including lymph, and compare the total protein results from this method to total protein results from unmodified plasma.
After assessing for normality using the statistics package R (R Foundation for Statistical Computing, Austria), as well as by visual inspection, Student's t test and Mann-Whitney U tests were used to determine if statistical differences (P < 0.05) existed between the groups. Significant values were used to generate RIs for that variable in snakes where lymph contamination was not observed. In all other cases all values were used.
Data were generated using RefVal 4.11 (International Federation of Clinical Chemistry and Laboratory Medicine) (Solberg, 2004) except where <40 values were available for a variable, when the statistical software Reference Interval (Reference Interval Draft Version, University of Cincinnati) was used to determine 95% RIs and 90% confidence intervals (CIs). Bootstrapping with 500 iterations was included when using the Reference Interval software when the conditions of the programme would allow. When not permitted, means ± SD were generated using Microsoft Excel 2013 and presented.
Results
The SVL of snakes included in the study ranged from 40.7 to 73.9 cm (H. curtus), 68.9-131.4 cm (H. elegans) and 55-83 cm (H. peronii). Gender ratio was fairly evenly distributed for H. curtus (31 male, 26 female, 3 unknown sex) and H. elegans (11 male, 15 female, 1 unknown sex) but not so for H. peronii where 73% (8/11) were males. Bodyweights (BW) ranged from 89 to 418 g for H. curtus, 78-574 g for H. elegans and 99-408 g for H. peronii. Table 1 represents the biochemical RIs generated. Based on the principles described by Flint et al. (2010) separate species RIs were generated for the analytes ALP, ALT, CK and LDH. RIs for these variables (except ALT, CK and LDH for H. curtus) were generated using Reference Interval due to insufficient sample size for RefVal. Bootstrapping was not possible in the RI calculation of variables ALP, ALT, CK and LDH for H. peronii due to the limited sample size, nor for ALP for H. curtus and H. elegans due to conditions of the programme. Means ± SDs were calculated using Microsoft Excel 2013. All other biochemical RIs reported were calculated using RefVal.
Plasma biochemistry
Comparative analysis of lymph contamination identified a statistically significant difference between results for the variables ALP (P < 0.01), albumin (P < 0.001), calcium (P < 0.05), cholesterol (P < 0.05), globulin (P < 0.001), FDTP (P < 0.01), sodium (P < 0.05) and protein (P < 0.001) between groups. For all variables except sodium, the lymph contamination resulted in a decrease in the mean ± SD of each variable ( Table 2) . The mean ± SD of sodium increased. The results of analysis of the total protein content between conventionally prepared and freeze dried serum samples were inconclusive and could not be confidently used to assess for lymph contamination.
Haematology
The RIs for haematological variables are shown in Table 3 . Comparative analysis of lymph contamination identified a statistically significant difference between results for PCV (P < 0.001), TP (P < 0.001), azurophils (P < 0.01) and total white cell count (TWCC) (P < 0.05). The mean ± SD was reduced in the group where lymph contamination was observed (Table 2) .
Haematology morphology
No haemoprotozoa were detected on any of the snake blood smears. Morphological examination of the blood smears revealed that the majority of samples had varying degrees of anisocytosis, polychromasia and occasional red cell precursors. Some variations in the white cell morphology were noted, which included occasional reactive lymphocytes, occasional increased vacuolation Freeze dried reconstitute. ALT, alanine aminotransferase; ALP, alkaline phosphatase; AST, aspartate aminotransferase; CK, creatine kinase; GGT, gamma-glutamyltranspeptidase; LD, lactate dehydrogenase; CI, confidence interval; RI, reference interval; SD, standard deviation.
Table 2
Comparison of mean ± SD between samples with no observed lymph contamination and those with observed lymph contamination (only statistically significant comparisons included).
Units
No observed lymph contamination Observed lymph contamination P value of azurophils, occasional binucleate heterophils, slightly increased cytoplasmic granulation of heterophils and in one case potential cytoplasmic inclusions that were presumed to be artefacts. Despite these small variations, the majority of samples were deemed morphologically normal for reptiles and similar to other snake species. Cell morphologies for sea snake leukocytes are included in Fig. 3 . Thrombocytes appeared clumped and normal in morphology. 
Discussion
This study has generated the first set of biochemical and haematological RIs for any sea snake species and provides normal RIs for three species common in Australian Indo-pacific waters. These RIs may be applied when examining sea snakes, particularly species in the same family as those reported here, as many variables were able to be combined regardless of species in this study. We determined that for all variables separate RIs are not required for males and females.
The PCV means reported here are lower than those previously reported for sea snakes (Heatwole and Dunson, 1987) . Although it would be prudent to assume that diving snakes may have higher PCVs as in other marine species, sea snake adaptions to marine environments such as percutaneous oxygen uptake, lowered reptilian metabolic rates and increased oxygen storage capacity in the lungs may provide increased oxygen availability and therefore reduce the need for higher PCV for oxygen carrying capacity. The PCVs of the sea snake species we studied are similar to those of terrestrial elapids (Parida et al., 2014; Vasaruchapong et al., 2014) .
Diagnostic blood sampling of snakes is often via the coccygeal vein, which is the safest and easiest method for clinicians charged with blood collection from venomous snakes. Blood collected is often processed immediately for PCV and TP values in the clinical setting via a microhaematocrit tube and this is the most reproducible method available for reptiles in the clinical setting. Because lymph can contaminate samples collected in the syringe via aspiration, clinicians may be required to adjust their method of collection.
By adjusting our collection procedure from the conventional method (Method one) to one which did not initially involve aspiration of blood (Method two) we were able to eliminate the risk of lymph being drawn from the adjacent lymph vessels into the sample for generation of the PCV and TP RIs reported here, as well as provide a highly reproducible method for use in a clinical setting.
Lymph contamination during aspiration for collection of larger volumes of blood (for biochemical analysis) has been shown to affect biochemical results in reptiles, but has not been evaluated for sea snakes. To assess the effect of lymph contamination on biochemical parameters in sea snakes, we used statistical methods and compared the mean and SD from snakes where lymph contamination was not observed to those where it was measurable as previously described. Although statistical analysis revealed that lymph contamination did alter some parameters, the majority of our RIs were not influenced. The authors therefore suggest that, for clinical diagnostic purposes, Method two is used, so that a PCV and TP can be derived from the initial free flow sample in the hub of the needle unaffected by lymph contamination, and then any lymph contamination in the aspirated sample can be estimated by observation. Although not compared in this paper, a PCV and TP result of the aspirated sample could then also be compared to the sample obtained from the initial free flow sample to assist in determining if lymph contamination has occurred and subsequently diluted the sample.
We cannot exclude the potential effects that seasonal and geographical variation or pregnancy may have on biochemical and haematological parameters in sea snakes, however our study indicated that there was no significant difference between adult males and females.
Conclusions
This study has produced the first set of comprehensive RIs for plasma biochemistry and haematology for three species of sea snakes common to Australian Indo-Pacific waters. It analyses the effect lymph contamination may have on biochemical and haematological parameters and describes methods for avoiding this when collecting diagnostic blood samples in sea snakes. These parameters will be useful for interpretation of blood results in sick, injured or stranded sea snakes, in addition to serving as a reference for sea snakes used for research purposes or held in captive facilities.
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